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Abstract Reef fish larvae actively select preferred benthic
habitat, relying on olfactory, visual and acoustic cues to
discriminate between microhabitats at settlement. Recent
studies show exposure to elevated carbon dioxide (CO,)
impairs olfactory cue recognition in larval reef fishes.
However, whether this alters the behaviour of settling fish
or disrupts habitat selection is unknown. Here, the effect of
elevated CO, on larval behaviour and habitat selection at
settlement was tested in three species of damselfishes
(family Pomacentridae) that differ in their pattern of habitat
use: Pomacentrus amboinensis (a habitat generalist),
Pomacentrus chrysurus (a rubble specialist) and Poma-
centrus moluccensis (a live coral specialist). Settlement-
stage larvae were exposed to current-day CO, levels or CO,
concentrations that could occur by 2100 (700 and 850 ppm)
based on IPCC emission scenarios. First, pair-wise choice
tests were performed using a two-channel flume chamber to
test olfactory discrimination between hard coral, soft coral
and coral rubble habitats. The habitat selected by settling
fish was then compared among treatments using a multi-
choice settlement experiment conducted overnight. Finally,
settlement timing between treatments was compared across
two lunar cycles for one of the species, P. chrysurus.
Exposure to elevated CO, disrupted the ability of larvae to
discriminate between habitat odours in olfactory trials.
However, this had no effect on the habitats selected at
settlement when all sensory cues were available. The timing
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of settlement was dramatically altered by CO, exposure,
with control fish exhibiting peak settlement around the new
moon, whereas fish exposed to 850 ppm CO, displaying
highest settlement rates around the full moon. These results
suggest larvae can rely on other sensory information, such
as visual cues, to compensate for impaired olfactory ability
when selecting settlement habitat at small spatial scales.
However, rising CO, could cause larvae to settle at unfa-
vourable times, with potential consequences for larval
survival and population replenishment.
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Introduction

Nearly all coral reef fish have a bipartite life cycle, con-
sisting of a pelagic larval phase lasting weeks or months
followed by juvenile and adult stages spent relatively site-
attached in close association with reef habitats (Leis 1991).
Settlement-stage larvae possess highly developed sensory
systems and are capable of actively swimming to orientate
towards specific cues while migrating to reef habitat
(Stobutzki and Bellwood 1997; Fisher et al. 2000; Mont-
gomery et al. 2001; Kingsford et al. 2002; Simpson et al.
2005; Wright et al. 2005). Many reef fish have distinct
preferences among the benthic habitats present on coral
reefs (Sale 1977), and habitat use has been shown to
directly affect growth and mortality rates in new recruits of
several reef fish species (Jones 1988; Wellington 1992;
Munday 2001; Lecchini et al. 2007a). Consequently, larval
fishes are expected to possess sensory mechanisms that
enable them to select preferred habitats while transitioning
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from a pelagic to benthic lifestyle (a process called
settlement).

Larvae are capable of utilising a suite of sensory cues to
discriminate between various reef attributes, with spatial and
temporal factors likely influencing the sensory modalities
used during the settlement process (Kingsford et al. 2002;
Lecchini et al. 2005, 2007b, Leis et al. 2011). Settlement to
reef habitats in many species occurs overnight when low
light levels likely enhance predator avoidance by settling
larvae (Dufour and Galzin 1993; Leis and McCormick 2002;
Dobherty et al. 2004). To further reduce mortality, peak set-
tlement overnight on many reefs has been shown to occur
during the new moon (Victor 1986; Robertson et al. 1988)
when lunar illumination is minimal. Settlement during low
light conditions renders visual cues less reliable; therefore,
chemical and auditory cues (Atema et al. 2002; Simpson
et al. 2004) undoubtedly play an important role in successful
orientation to preferred habitat substrata.

Many coral reef fish are associated with particular
habitats as adults, with individuals selecting a narrow range
of habitat types or even a single coral species (Chave and
Eckert 1974; Sale 1977; Gardiner and Jones 2005). Habitat
use has been shown to directly affect the growth and
mortality of recent settlers in many reef fish species (Jones
1988; Wellington 1992; Munday 2001; Lecchini et al.
2007a; Bonin et al. 2009). Despite having no prior expe-
rience of the reef environment, reef fish larvae are known
to display affinities for specific habitats at settlement
(Williams and Sale 1981; Booth 1992; Ohman et al. 1998;
Feary et al. 2007) and possess the ability to distinguish
between various microhabitat structures using olfactory
(Elliott et al. 1995; Danilowicz 1996; Lecchini et al. 2005;
Ben-Tzvi et al. 2010), visual (Lecchini et al. 2005;
McCormick et al. 2010) and auditory cues (Radford et al.
2011). Likewise, settling larvae are able to determine the
presence or absence of conspecifics near settlement habi-
tats, with larvae of some aggregating species preferring
odours of conspecific adults when selecting settlement sites
(Sweatman 1988; Ohman et al. 1998; Lecchini et al. 2005).

The rapid rise of atmospheric CO, since the industrial
age has resulted in a corresponding increase in the partial
pressure of CO, (pCO,) at the ocean surface (Doney 2010).
Shallow water ecosystems such as coral reefs are poten-
tially at risk from rising CO,, as increased uptake of CO,
changes water chemistry, leading to a decrease in oceanic
pH (ocean acidification) and a reduction in the concentra-
tion of carbonate ions necessary for calcification (Orr et al.
2005; Fabry et al. 2008). Furthermore, recent studies have
shown larval fish exposed to elevated CO, are unable to
discriminate between various olfactory cues that may be
necessary for site selection at settlement (Munday et al.
2009; Dixson et al. 2010). Larvae held in elevated CO,
conditions were no longer able to distinguish between
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chemical cues of preferred and non-preferred habitat, as
well as between chemical cues associated with kin versus
non-kin adult conspecifics (Munday et al. 2009) and
predator versus non-predator species (Dixson et al. 2010).
Behavioural changes have also been detected in larvae
exposed to elevated CO,, such as increased activity and
bolder behaviour after settling onto reef habitat (Munday
et al. 2010). Levels of CO, eliciting behavioural abnor-
malities and olfactory impairment in larval reef fishes
(700-850 ppm) could occur in the oceans by the end of this
century according to predicted CO, emission trajectories
(Meehl et al. 2007; Raupach et al. 2007).

In this study, we experimentally tested; (1) if exposure to
elevated CO, affects the ability of settlement-stage reef fish
larvae to select preferred settlement habitat using chemical
cues, (2) if impairment of olfactory ability affects habitat
selection at settlement when all sensory cues are available
and, (3) if lunar settlement patterns are affected by exposure
to near-future CO, concentrations. Settlement-stage larvae
of three species of damselfish with different habitat prefer-
ences (a habitat generalist, a rubble associate and a live coral
specialist) were tested for discrimination among three
common reef microhabitats: hard coral, soft coral and coral
rubble. Wild-caught damselfish larvae with no experience of
the reef were exposed for 4 days to CO, concentrations of
440 ppm (current-day control), 700 or 850 ppm CO,, rep-
resenting levels that will likely occur this century based on
current CO, emission scenarios (Raupach et al. 2007).
Olfactory trials were performed to assess the ability of
treated fish to discriminate between habitat types using
chemical cues alone and if this ability was affected by
exposure to elevated CO,. Habitat selection at settlement for
each species was then determined using a multi-choice set-
tlement experiment to test if olfactory impairment altered
species-specific preferences for settlement substrata.
Finally, nightly settlement experiments were conducted in
outdoor aquaria for two complete moon cycles to determine
whether elevated CO, alters settlement timing in relation to
lunar phases. We predicted that if elevated CO, affects larval
behaviour and sensory perception, CO,-exposed larvae
would display alterations in habitat selection and settlement
patterns following arrival to the reef environment.

Materials and methods
Study species and location

This study was conducted at Lizard Island in the Great
Barrier Reef, Australia (145°27'E, 14°41'S), during
November and December 2009-2010. Settlement-stage
damselfish larvae with no prior contact with reef substrata
were collected overnight in light-traps deployed on the
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leeward side of the island in the evening and retrieved
between 0600 and 0630 hours the following morning.
Larvae were sorted according to species and placed in
treatment aquaria (see below). Pomacentrus amboinensis
(Bleeker), P. chrysurus (Cuvier) and P. moluccensis
(Bleeker) were selected for this study based on the variety
of habitat preferences exhibited among these species.
Pomacentrus moluccensis is a live coral specialist, while P.
amboinensis is often found associated with both live and
dead hard coral and soft coral habitats (Allen 1991; Syms
and Jones 2001). Pomacentrus chrysurus inhabits areas
high in coral rubble, especially on shallow reef flats (Allen
1991). Using damselfish with different habitat preferences
provided a test of how elevated CO, affects habitat selec-
tion. Microhabitats used in experiments included the hard
coral Pocillopora damicornis (Linnaeus), soft coral Sar-
cophyton spp and coral rubble collected from the reef flat.
These microhabitats were selected based on their use by the
focal fish species and their generally high abundance on
reefs at Lizard Island.

Seawater manipulation

Seawater was pumped directly from the ocean into
3 x 601 sumps and diffused with either ambient air
(control) or CO,-enriched air to achieve concentrations of
~700 or 850 ppm. Equilibrated seawater from each sump
was supplied to four replicate aquaria at a rate of
~200-250 ml min~'. Aquaria were individually aerated
with the same CO, concentrations as sump water. The
concentration of CO,-enriched air was controlled by sci-
entific-grade pressure regulators and needle valves, and
measured continuously with an infrared CO, probe (Vai-
sala GMP222). Water temperatures within aquaria aver-
aged 29.9 + 1.18 (£SE) in 2009 and 27.6 £ 0.03 in 2010.
Dissolved CO, in the aquaria was measured at regular
intervals using a submerged CO,-permeable membrane
connected to an infrared CO, probe (Vaisala GMP222) in a
closed loop (Hari et al. 2008). Average pCO, measure-
ments for treatments in 2009 (olfactory trials and habitat
choice experiments) were as follows: 449.76 4+ 6.84
(£SE) ppm (control), 678.00 £ 15.68 ppm and 875.00 +
32.79 ppm, and in 2010 (lunar experiment): 421.47 £ 4.87
ppm (control) and 873.76 + 5.51 ppm. In-water measure-
ments of pCO, were verified in 2010 by calculations of
pCO, from measured pH, temperature, salinity and total
alkalinity. Temperature and pHygs were measured twice
daily using a Hach 40d pH meter calibrated with fresh
buffers. Total alkalinity was measured by Gran titration
from water samples taken twice weekly from each CO,
treatment. The programme CO2SYS (Lewis and Wallace
1995) was used to estimate pCO, using the constants of
Mehrbach et al. (1973) refit by Dickson and Millero

(1987). Average calculated pCO, was 440.53 £+ 1.49 patm
(£ SE) and 879.90 + 4.71 patm, consistent with direct in-
water estimates.

Each morning, light-trap caught larvae of each test
species were divided into equal-sized groups and trans-
ferred to one of the four replicate 35 1 aquaria in each CO,
treatment. Previous studies indicate the behavioural effects
of elevated CO, are fully manifest within 4 consecutive
days in treatment (Munday et al. 2010; Ferrari et al. 2011);
consequently, all larvae were held in CO,-treated seawater
for 4-5 days prior to testing. Aquaria were devoid of nat-
ural habitat structure and were opaque to limit external
visual stimuli. Fish had not completed pigmentation
metamorphosis (McCormick et al. 2002) by the end of
treatment, and thus, their behaviour was considered to be a
reasonable representation of settlement-stage larvae. Lar-
vae were fed newly hatched Artemia nauplii three times
daily. As previous studies show no difference in behav-
ioural responses of CO,-treated individuals when tested in
either control or elevated CO, test water (Munday et al.
2009), all tests were performed in ordinary seawater.

Olfactory trials

A two-channel flow chamber (Atema et al. 2002) was used
to test olfactory preferences of the settlement-stage dam-
selfishes when presented with habitat odour from hard
coral, soft coral and coral rubble. Subjects were presented
with pair-wise choice tests of (1) hard coral versus soft
coral, (2) hard coral versus coral rubble, (3) soft coral
versus coral rubble and a blank seawater versus seawater as
a control. To attain cues, habitat structures approximately
10 cm in diameter were placed in 81 containers of
untreated seawater for 2 h. Habitat structures were
removed and the conditioned water was gravity fed into the
chamber at 100 ml min~". For each trial, a single fish was
introduced in the downstream end of the chamber and
allowed to acclimate for 2 min. The position of the fish
within the chamber was then recorded at 5 s intervals for
2 min. The water sources were switched and the acclima-
tion and test period repeated. At least 15 individuals per
species were tested per habitat comparison for each CO,
treatment. All olfactory trials were performed blind, with-
out knowledge of odour cues administered during each
trial. Chi-square goodness-of-fit tests were used to compare
responses to odour in the CO, treatment groups with the
responses in the control group.

Habitat choice experiment
To test whether habitat selection was affected by elevated

CO, when all sensory cues are available, settlement-stage
larvae were released overnight in outdoor aquaria designed
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to establish the preferred settlement habitat for each species.
Six replicate open-air 300 1 cylindrical outdoor aquaria
contained the same three habitats used in olfactory trials:
hard coral, soft coral, and coral rubble. Habitat patches were
15-20 cm in diameter and placed 30 cm apart on 2-3 cm of
sand covering the aquarium base. At the start of each trial, a
single fish was allowed to acclimate for 1 h in an opaque
PVC holding tube (diameter 20 cm) placed in the centre of
the testing aquaria. Fish were introduced to the holding tube
in the evening between 1730 and 1830 h and released into
the test arena after dark. The position of each fish relative to
habitats was recorded at first light (0530-0545 hours) and
every 30 min afterwards until 1130 h. Twenty settlement-
stage larvae were tested per treatment level for each species.
Log-linear models were used to examine relationships
between observation time, CO, treatment level and settle-
ment rates for each species. Model terms were removed
until removal of a term resulted in a significant deviance
from the previous model. Only terms relating to settlement
rates were removed in order to test the effects of time and
CO, treatment levels on settlement rates for each species.
Chi-square tests of independence were then used to com-
pare habitat selection among species and to test for any
differences in habitat preferences between control and ele-
vated CO, treatments for each species. In this analysis, the
habitat occupied at the final observation period was con-
sidered to be the preferred settlement habitat. Any fish that
had not settled by the final observation period were not
included in the analysis of habitat preference.

Lunar settlement experiment

Settlement-stage P. chrysurus larvae were tested in outdoor
aquaria to assess settlement rates overnight across two
lunar phases for control and 850 ppm CO,-treated fish to
determine whether alterations in settlement patterns occur
following exposure to elevated CO,. Fish were placed
individually in open-air 300 1 cylindrical outdoor aquaria
containing settlement habitat in the centre of each arena.
Habitat structures were ~ 15 cm diameter clusters of coral
rubble pieces, the preferred microhabitat for P. chrysurus.
Fish were allowed to acclimate in an opaque PVC (poly-
vinyl chloride) holding tube (diameter ~20 cm) for 1 h
prior to testing. Each fish was introduced to the acclimation
tube in the evening at 1830 h, with release into the test
arena occurring after dark. The following morning, each
aquarium was surveyed at first light (0530-0540 hours) to
record whether overnight settlement had occurred. Ten
aquaria were used throughout the study, providing
approximately 5 replicates per treatment daily across two
lunar cycles (n = 265-268 for each treatment). Log-linear
analysis was used to examine relationships between moon
phase (first quarter, full moon, last quarter, new moon) and
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CO, exposure on settlement rates for P. chrysurus. Model
terms were removed from the saturated model until a sig-
nificant deviance from the previous model was observed,
with only terms relating to settlement rates removed to
determine the effects of moon phase and CO, treatment
levels on nightly settlement rates.

Results
Olfactory preferences

Larvae exposed to elevated CO, exhibited altered responses
to olfactory stimuli compared with controls. Pomacentrus
moluccensis larvae from the current-day control group spent
>60% of the test period associated with hard coral odours
in all trials containing hard coral cues (Fig. 1). Larvae from
700 and 850 ppm treatments displayed a general decrease in
attraction to hard coral odour, with significant differences
observed in hard coral versus soft coral trials (700 ppm:
y* = 6.83 df =2, P < 0.04; 850 ppm: y* = 9.33, df = 2,
P < 0.01). In soft coral versus coral rubble trials, control
larvae displayed no preference for either cue, whereas lar-
vae in 700 and 850 ppm treatments swam in the soft coral
cue for the majority of the test period, with a significant
attraction to soft coral exhibited by 850 ppm larvae
(=697, df = 2, P < 0.03).

Pomacentrus amboinensis control larvae exhibited an
attraction (>60% of the test period) to chemical cues of
hard coral versus soft coral and coral rubble, and prefer-
ence for soft coral habitat over the coral rubble cue
(Fig. 1). Although not significant, P. amboinensis larvae in
700 and 850 ppm CO, treatments displayed a trend of
general decrease in attraction to odours preferred by con-
trol larvae in all comparison trials, with a significant
decline in attraction to soft coral observed in 700 ppm CO,
treated individuals in soft coral versus coral rubble trials
(> =9.64, df = 2, P < 0.01).

Pomacentrus chrysurus control larvae spent a majority
of the test period in coral rubble habitat cues and favoured
odour of soft coral when coral rubble cues were unavail-
able (Fig. 1). Larvae exposed to elevated CO, treatments
exhibited a general trend of increased attraction to hard and
soft coral habitats in all trials, with 850 ppm CO,-treated
fish significantly avoiding their preferred habitat odour
(¢ = 10.14, df = 2, P < 0.01), spending less than 40% of
the test period within the coral rubble cue in hard coral
versus coral rubble trials.

Habitat choices at settlement

Log-linear analysis revealed that the proportion of larvae
settling overnight varied significantly for all species, and
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Fig. 1 Mean percent time larvae spent in a given cue (asterisk) for
each odour comparison test for Pomacentrus moluccensis, P.
amboinensis and P. chrysurus. Black bar: control; grey bar:
700 ppm; white bar: 850 ppm

that exposure to elevated CO, affected settlement rates of P.
moluccensis and P. amboinensis, but not P. chrysurus. For
P. moluccensis and P. amboinensis the best-fit log linear
model contained all the two-way interactions, including the
terms time * settlement rate and CO, treatment * settle-
ment, indicating that time had a significant effect on set-
tlement rate, and CO, treatment had a significant effect on

settlement rate, but there was no interacting effect between
time and CO, treatment on settlement rate (Tables 1, 2). For
P. chrysurus the best-fit log linear model included the term
time * settlement rate, indicating that time had a significant
effect on settlement rate, but not the level of CO, larvae
were exposed to, or an interaction between time and CO,
treatment (Table 3). The greatest variation in settlement
occurred at the first observation time (0530 hrs), with a
greater proportion of fish having failed to settle by this
time (Fig. 2). For P. moluccensis fewer fish had settled at
the first observation period in the 850 ppm CO, treatment
compared with controls and the 700 ppm CO, treatment.

Table 1 Log-linear analysis of relationships between observation
time (T), CO, treatment level (C) and settlement rates (S) by larval
Pomacentrus moluccensis

Model Likelihood df  Difference daf
ratio x> between models
MHT*C*S 0.00 0
2)T*C4+TH*S 2.57 NS 12 1 and 2, 2.57 NS 12
+C*S
B)T*C+TH*S 14.04 NS 14 2 and 3, 11.47*%* 2
@HT*CH+C*S  40.35%* 18 2 and 4, 37.78*%*%* 6

S T*C+S 50.597%%% 20 3 and 5, 36.55%** 6

NS not significant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001

Table 2 Log-linear analysis of relationships between observation
time (T), CO, treatment level (C) and settlement rates (S) by larval
Pomacentrus amboinensis

Model Likelihood df  Difference daf
ratio x> between models
MHT*C*S 0.00 0
2)T*C4+TH*S 1.58 NS 12 1 and 2, 1.58 NS 12
+C*S
B)T*CH+TH*S 7.96 NS 14 2 and 3, 6.38* 2
@HT*CH+C*S  4557*** 18 2 and 4, 43.99%** 6

S T*C+S 57.11%#%* 20 3 and 5, 49.15%** 6

NS not significant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001

Table 3 Log-linear analysis of relationships between observation
time (T), CO, treatment level (C) and settlement rates (S) by larval
Pomacentrus chrysurus

Model Likelihood df  Difference df
ratio }{2 between models

HDT*C*S 0.00 0

2)T*C+T*S 3.66 NS 12 1 and 2, 3.66 NS 12

+C*S

HIT*C+T*S 433 NS 14 2 and 3, 0.67 NS 2
HT*C+C*S 36.03%* 18 2 and 4, 32.37**%% 6
5 T*C+S 36.64%* 20 3 and 5, 32.31%*%*% 6

NS not significant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 2 Number of larvae
associated with each
microhabitat in overnight
habitat choice experiments for
control and CO, treatments at
each observation time. Colours
within each bar represent hard
coral (black), soft coral (dark
grey), coral rubble (light grey)
and a no choice (white) category
for larvae not associated with
habitat structure at each time
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Table 4 Summary of Chi-square statistics for habitat choice com-
parisons between treatments for each species

Chi-square (Xz) daf P value
P. moluccensis 0.488 4 P >0.90
P. amboinensis 1.134 4 P > 0.80
P. chrysurus 3.581 4 P > 0.40
Between species 20.762 4 P < 0.0001

Between species comparisons based on control preferences for each
species

For P. amboinensis fewer fish generally had settled at the
first observation period in the 700 ppm CO, treatment
compared with controls and the 850 ppm CO, treatment.

There was no observable difference in settlement habitat
preferences between control individuals and those exposed
to elevated CO,; however, there were significant differ-
ences in habitat preferences at settlement between species
(Fig. 2; Table 4). P. moluccensis were found most often on
hard coral habitat, with 70-85% of individuals associating
with this habitat throughout the day in all CO, treatment
levels. P. amboinensis associated mostly with live coral
habitats, with 75-90% of individuals selecting either hard
or soft coral. P. chrysurus were found to be associated with
all habitats, although 35-60% of individuals were associ-
ated with coral rubble habitat throughout the day.

Lunar settlement patterns

Exposure to elevated CO, caused a dramatic shift in set-
tlement timing in relation to moon phases in P. chrysurus
(Fig. 3). The saturated model containing the terms moon
phase, CO, treatment, settlement rate, and their interactions
best described the relationship between lunar phase and
CO, exposure on settlement rates. Removal of the higher-
level interaction caused a significant increase in deviance

1.0
0.8 -
0.6 -
0.4

0.2 1

First Quarter Full Moon Last Quarter New Moon

Proportion of larvae settled

Fig. 3 Proportion of larvae settling overnight in each CO, treatment
for each lunar phase. Proportions are based on combined data from
two complete lunar cycles at 2 days intervals. Each data point
represents approximately 15-20 individuals. Black line represents
control treatment; grey line, 850 ppm CO,

from the saturated model ()(2 21.78, P < 0.001), indicating
that settlement rates in overnight experiments were
dependent on moon phase and CO, treatment level, with a
significant interaction between the two. Peak settlement of
control fish coincided with new moon phases and lowest
settlement rates occurred during full moon phases (Fig. 3).
Fish exposed to elevated CO, exhibited a complete reversal
in lunar settlement patterns. Peak settlement for CO,-
treated individuals occurred during the full moon period
and lowest settlement occurring throughout new moon
phases (Fig. 3).

Discussion

The transition from pelagic to benthic environment is a
critical period for reef fish larvae, as settling larvae must
successfully locate appropriate habitat amid a reef full of
potential predators. The ability to correctly select an
appropriate benthic habitat is essential as an unfavourable
choice can have an immediate impact on growth and sur-
vival (Jones 1987, 1988). While reef fish larvae have been
shown to use chemical cues when locating settlement
habitats, recent studies show exposure to elevated CO,
impairs their olfactory ability (Munday et al. 2009, 2010;
Dixson et al. 2010). Our results also show that exposure to
elevated CO, affects olfactory discrimination between
habitat chemical cues. Olfactory responses to preferred
substrata declined, and in some cases, larvae developed an
attraction to stimuli normally ignored. Notably, however,
the ability of larval fishes to select specific preferred hab-
itats at settlement was unaffected when all sensory cues
were available. Although auditory cues were not excluded
in the test aquaria, olfactory and visual cues are presum-
ably the primary cues utilised by larvae for discriminating
habitats in our experimental arena. Despite the ability of
alternative senses to compensate for impaired olfactory
ability during habitat selection, exposure to elevated CO,
caused a dramatic shift in the timing of settlement, with
CO,-exposed fish settling predominantly near the full
moon, whereas more control fish settled during the new
moon.

Olfactory cues are thought to be important during set-
tlement site selection by reef fish larvae because migration
to reef habitat for most species occurs primarily at night
(Victor 1991). The ability of larvae to distinguish between
chemical cues of specific microhabitats at settlement would
enable larvae to select preferred habitats immediately upon
arrival to the reef and avoid the unnecessary risk of
movement post-settlement (Frederick 1997). Consistent
with previous studies (Munday et al. 2009; Dixson et al.
2010), we found larvae displayed olfactory impairment
following exposure to elevated CO,. Although not all
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behavioural responses were statistically significant, trends
indicated larvae from CO, treatments were often attracted
to odours emitted from non-preferred habitats that were
avoided by control individuals, or displayed a general
decrease in attraction to preferred habitat odours. The
strength of responses here were typical for dual odour
comparisons (Gerlach et al. 2007), and further replication
would potentially elicit significant values for observed
trends.

Despite altered olfactory performance of CO,-treated
larvae, overnight settlement tests demonstrated that fish
from all treatments successfully settled to preferred habi-
tats when other sensory cues were available. The ability of
CO, treatment fish to select the same habitats as control
individuals likely occurs through the use of visual cues,
which appear to be unaffected by elevated CO, levels
tested here. However, if larvae exposed to elevated CO, are
forced to rely primarily on visual cues, in addition to
spatially limiting their sensory field, settling larvae might
be forced to delay overnight settlement until light levels are
high enough to allow visual cues to be interpreted. Con-
sistent with this hypothesis, lunar settlement experiments
indicted preference for settlement during the full moon by
larvae exposed to 850 ppm CO,, possibly relying on ele-
vated moonlight in order to utilise visual cues. This dis-
parity in lunar settlement patterns between CO, treatments
likely explains variations observed at the first observation
time in habitat choice experiments where species and CO,
treatment groups were randomly tested across several
months without consideration of lunar phases.

Lunar periodicity in activity levels and behaviour of
predators and prey has been observed in both terrestrial and
aquatic ecosystems. Nocturnal predators hunting by
moonlight are significantly more efficient at prey capture
during full moon phases when lunar illumination is highest
(Clarke 1983; Gliwicz 1994), and successful prey capture
by predators decreases as light levels are lowered (Chesney
1989; Fraser and Metcalfe 1997). Consequently, prey have
adapted their nocturnal behaviours to minimise predation
risk, reducing foraging ventures and remaining closer to
shelters during the full moon (Trillmich and Mohren 1981;
Daly et al. 1992; Mitchell and Hazlett 1996; Metcalfe et al.
1997). Prey species have modified nocturnal behaviours in
response to the reduced capacity of predators in poor light
conditions, maximising foraging ventures under darkness
of new moon phases and restricting movement during the
full moon (Lueke and Wurtsbaugh 1993; Horning and
Trillmich 1999). Although the effects of lunar periodicity
on predation rates have not been specifically tested for
larval settlers on coral reefs, predation efficiency on zoo-
plankton by planktivorous fishes in freshwater systems has
been shown to increase during the full moon period
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(Gliwicz 1986). Therefore, it is likely pelagic larvae
choosing to settle at the full moon would be equally vul-
nerable during this time. Mortality rates of settling larvae
could be significantly increased if elevated CO, disrupts
these behavioural adaptations and causes an increased
proportion of larvae to settle around the full moon com-
pared with new moon phases.

Settlement occurring under darkness of new moon
phases is already a high risk event, with >50% mortality
of larvae believed to occur by the morning following
settlement (Doherty et al. 2004; Almany and Webster
2006). Alteration of settlement timing to coincide with full
moon phases would undoubtedly exacerbate risks incurred
by settlers. Even if suitable habitat is located and larvae
successfully settle to the reef, multiple factors that are
potentially dependent on the sensory aptitude and com-
petence of larvae in their new benthic environment can
influence survivorship post-settlement (Doherty and Sale
1985; Jones 1991; Bonin et al. 2009). Munday et al.
(2010) found that newly settled larvae exposed to elevated
CO, were more active and ventured further from shelter
resulting in increased mortality. Any additional pressure
on survival rates during settlement to reef habitats could
ultimately affect population abundance (Caley et al.
1996).

Visual cue reception appears to be unaffected at near-
future CO, concentrations; however, if elevated CO, dis-
rupts brain function related to sensory behaviours (Munday
et al. 2010; Domenici et al. 2011; Simpson et al. 2011),
fishes may have difficulty with interpretation of perceived
sensory cues. Such cognitive disruption could account for
the reduced ability of larvae to differentiate between
chemical cues and respond appropriately to lunar cues
following exposure to elevated CO,. Limitation of accurate
sensory information due to impairment of brain functions
across critical sensory pathways could have dramatic
effects on larval survival during transition to reef habitats.

In conclusion, this study shows larvae exposed to ele-
vated CO, maintain species-specific habitat preferences at
settlement despite impairment of olfactory discrimination,
likely through reliance on visual cues to locate and dif-
ferentiate reef habitats. Although habitat selection by set-
tling larvae was unaffected, elevated CO, caused a
dramatic shift in the timing of settlement, possibly because
visual cues become the dominant sensory mechanism for
habitat selection. Based on current IPCC emission sce-
narios, CO, levels causing altered olfactory preferences in
larval reef fishes will occur in oceans by 2100 (Meehl et al.
2007). Further research is needed in order to discover the
physiological impacts elevated CO, imposes on brain
processes and assess how interference with these processes
might impact vital fish behaviours.



Coral Reefs

Acknowledgments Thanks to Mark McCormick and Mark Meekan
for the use of light-traps necessary for larval collection and the
Australian Museum Lizard Island Research Station for providing
excellent facilities and support. Special thanks to Danielle Dixson for
assistance with fluming and to Sue-Ann Watson for the seawater
chemistry analysis. Funding provided to PLM from the ARC Centre
of Excellence for Coral Reef Studies supported the project. Research
was conducted in accordance with JCU ethics approval A1468.

References

Allen GR (1991) Damselfishes of the South Seas. TFH Publications,
Neptune City

Almany GR, Webster MS (2006) The predation gauntlet: early post-
settlement mortality in reef fishes. Coral Reefs 25:19-22

Atema J, Kingsford MJ, Gerlach G (2002) Larval reef fish could use
odour for detection, retention and orientation to reefs. Mar Ecol
Prog Ser 241:151-160

Ben-Tzvi O, Tchernov D, Kiflawi M (2010) Role of coral-derived
chemical cues in microhabitat selection by settling Chromis
viridis. Mar Ecol Prog Ser 409:181-187

Bonin MC, Srinivasan M, Almany GR, Jones GP (2009) Interactive
effects of interspecific competition and microhabitat on early post-
settlement survival in a coral reef fish. Coral Reefs 28:265-274

Booth DJ (1992) Larval settlement patterns and preferences by
domino damselfish Dascyllus albisella Gill. ] Exp Mar Biol Ecol
155:85-104

Caley MJ, Carr MH, Hixon MA, Hughes TP, Jones GP, Menge BA
(1996) Recruitment and local dynamics of open marine popu-
lations. Annu Rev Ecol Syst 27:477-500

Chave EH, Eckert DB (1974) Ecological aspects of the distributions
of fishes at Fanning Island. Pac Sci 28:297-317

Chesney EJ Jr (1989) Estimating the food requirements of striped bass
larvae Morone saxatilis: effects of light, turbidity and turbu-
lence. Mar Ecol Prog Ser 53:191-200

Clarke JA (1983) Moonlight’s influence on predator/prey interactions
between short-eared owls (Asio flammeus) and deermice (Pero-
myscus maniculatus). Behav Ecol Sociobiol 13:205-209

Daly M, Behrends PR, Wilson MI, Jacobs LF (1992) Behavioural
modulation of predation risk: moonlight avoidance and crepus-
cular compensation in a nocturnal desert rodent, Dipodomys
merriami. Anim Behav 44:1-9

Danilowicz BS (1996) Choice of coral species by naive and field-
caught damselfish. Copeia 3:735-739

Dickson AG, Millero FJ (1987) A comparison of the equilibrium
constants for the dissociation of carbonic acid in seawater media.
Deep-Sea Res Part A 34:1733-1743

Dixson DL, Munday PL, Jones GP (2010) Ocean acidification
disrupts the innate ability of fish to detect predator olfactory
cues. Ecol Lett 13:68-75

Doherty PJ, Sale PF (1985) Predation on juvenile coral reef fishes: an
exclusion experiment. Coral Reefs 4:225-234

Doherty PJ, Dufour V, Galzin R, Hixon MA, Meekan MG, Planes S
(2004) High mortality during settlement is a population bottle-
neck for a tropical surgeonfish. Ecology 85:2422-2428

Domenici P, Allan B, McCormick M, Munday P (2011) Elevated
carbon dioxide affects behavioural lateralization in a coral reef
fish. Biol Lett. doi:10.1098/rsbl.2011.0591

Doney SC (2010) The growing human footprint on coastal and open-
ocean biogeochemistry. Science 328:1512-1516

Dufour V, Galzin R (1993) Colonization patterns of reef fish larvae to
the lagoon at Moorea Island, French Polynesia. Mar Ecol Prog Ser
102:143-152

Elliott JK, Elliott JM, Mariscal RN (1995) Host selection, location,
and association behavior of anemonefishes in field settlement
experiments. Mar Biol 122:377-389

Fabry VI, Seibel BA, Freely RA, Orr JC (2008) Impacts of ocean
acidification on marine fauna and ecosystem processes. ICES J
Mar Sci 65:414-432

Feary DA, Almany GR, McCormick MI, Jones GP (2007) Habitat
choice, recruitment and the response of coral reef fishes to coral
degradation. Oecologia 153:727-737

Ferrari MCO, Dixson DL, Munday PL, McCormick MI, Meekan MG,
Sih A, Chivers DP (2011) Intrageneric variation in antipredator
responses of coral reef fishes affected by ocean acidification:
implications for climate change projections on marine commu-
nities. Global Change Biol 17:2980-2986

Fisher R, Bellwood DR, Job SD (2000) Development of swimming
abilities in reef fish larvae. Mar Ecol Prog Ser 202:163-173

Fraser NHC, Metcalfe NB (1997) The costs of becoming nocturnal:
feeding efficiency in relation to light intensity in juvenile
Atlantic salmon. Funct Ecol 11:385-391

Frederick JL (1997) Post-settlement movement of coral reef fishes
and bias in survival estimates. Mar Ecol Prog Ser 150:65-74

Gardiner NM, Jones GP (2005) Habitat specialisation and overlap in a
guild of coral reef cardinalfishes (Apogonidae). Mar Ecol Prog
Ser 305:163-175

Gerlach G, Atema J, Kingsford MJ, Black KP, Miller-Sims V (2007)
Smelling home can prevent dispersal of reef fish larvae. Proc
Natl Acad Sci USA 104:858-863

Gliwicz ZM (1986) A lunar cycle in zooplankton. Ecology
67:883-897

Gliwicz ZM (1994) Relative significance of direct and indirect effects
of predation by planktivorous fish on zooplankton. Hydrobiolo-
gia 272:201-210

Hari P, Pumpanen J, Huotari J, Kolari P, Grace J, Vesala T, Ojala A
(2008) High-frequency measurements of productivity of plank-
tonic algae using rugged nondispersive infrared carbon dioxide
probes. Limnol Oceanogr-Meth 6:347-354

Horning M, Trillmich F (1999) Lunar cycles in diel prey migrations
exert a stronger effect on the diving of juveniles than adult
Galapagos fur seals. Proc R Soc Lond B Biol Sci 266:1127-1132

Jones GP (1987) Some interactions between residents and recruits in
two coral reef fishes. J Exp Mar Biol Ecol 114:169-182

Jones GP (1988) Experimental evaluation of the effects of habitat
structure and competitive interactions on the juveniles of two
coral reef fishes. J Exp Mar Biol Ecol 123:115-126

Jones GP (1991) Postrecruitment processes in the ecology of coral reef fish
populations: a multifactorial perspective. In: Sale PF (ed) The ecology
of fishes on coral reefs. Academic Press, San Diego, pp 294-328

Kingsford MJ, Leis JM, Shanks A, Lindeman KC, Morgan SG,
Pineda J (2002) Sensory environments, larval abilities and local
self-recruitment. Bull Mar Sci 70:309-340

Lecchini D, Shima J, Banaigs B, Galzin R (2005) Larval sensory
abilities and mechanisms of habitat selection of a coral reef fish
during settlement. Oecologia 143:326-334

Lecchini D, Planes S, Galzin R (2007a) The influence of habitat
characteristics and conspecifics on attraction and survival of
coral reef fish juveniles. J Exp Mar Biol Ecol 341:85-90

Lecchini D, Osenberg CW, Shima JS, St Mary CM, Galzin R (2007b)
Ontogenetic changes in habitat selection during settlement in a
coral reef fish: ecological determinants and sensory mechanisms.
Coral Reefs 26:423-432

Leis JM (1991) The pelagic stage of reef fishes: the larval biology of
coral reef fishes. In: Sale PF (ed) The ecology of fishes on coral
reefs. Academic Press, San Diego, pp 183-230

Leis JM, McCormick MI (2002) The biology, behaviour, and ecology
of the pelagic, larval stage of coral reef fishes. In: Sale PF (ed)

@ Springer


http://dx.doi.org/10.1098/rsbl.2011.0591

Coral Reefs

Coral reef fishes: dynamics and diversity in a complex ecosys-
tem. Academic Press, London, pp 171-200

Leis JM, Siebeck U, Dixson DL (2011) How Nemo finds home: the
neuroecology of dispersal and of population connectivity in
larvae of marine fishes. Integr Comp Biol. doi:10.1093/icb/
icr004

Lewis EL, Wallace DWR (1995) Basic programs for the CO, system
in seawater. Brookhaven National Laboratory Informal Report,
BNL# 61827

Lueke C, Wurtsbaugh WA (1993) Effects of moonlight and daylight
on hydroacoustic estimates of pelagic fish abundance. Trans Am
Fish Soc 122:112-120

McCormick MI, Mackey L, Dufour V (2002) Comparative study of
metamorphosis in tropical reef fishes. Mar Biol 141:841-853

McCormick MI, Moore JAY, Munday PL (2010) Influence of habitat
degradation on fish replenishment. Coral Reefs 29:537-546

Meehl GA, Stocker TF, Collins WD, Friedlingstein AT, Gaye AT,
Gregory JM, Kitoh A, Knutti R, Murphy JM, Noda A, Raper
SCB, Watterson IG, Weaver AJ, Zhao Z (2007) Global Climate
Projections. In: Solomon S, Qin D, Manning M, Chen Z,
Marquis M, Averyt KB, Tignor M, Miller HL (eds) Climate
change 2007: the physical science basis. Cambridge University
Press, Cambridge, pp 686—688

Mehrbach C, Culberson CH, Hawley JE, Pytkowicz RM (1973)
Measurement of the apparent dissociation constants of carbonic
acid in seawater at atmospheric pressure. Limnol Oceanogr
18:897-907

Metcalfe NB, Valimarsson SK, Fraser NHC (1997) Habitat profit-
ability and choice in a sit-and-wait predator: juvenile salmon
prefer slower currents on darker nights. J Anim Ecol 66:866-875

Mitchell B, Hazlett BA (1996) Predator avoidance strategies of the
crayfish Orconectes virilis. Crustaceana (Leiden) 69:400-412

Montgomery JC, Tolimieri N, Haine OS (2001) Active habitat
selection by pre-settlement reef fishes. Fish Fish 2:261-277

Munday PL (2001) Fitness consequences of habitat use and compe-
tition among coral-dwelling fishes. Oecologia 128:585-593

Munday PL, Dixson DL, Donelson JM, Jones GP, Pratchett MS,
Devitsina GV, Dgving KB (2009) Ocean acidification impairs
olfactory discrimination and homing ability of a marine fish.
Proc Natl Acad Sci USA 106:1848-1852

Munday PL, Dixson DL, McCormick MI, Meekan M, Ferrari MCO,
Chivers DP (2010) Replenishment of fish populations is
threatened by ocean acidification. Proc Natl Acad Sci USA
106:1848-1852

Ohman MC, Munday PL, Jones GP, Caley MJ (1998) Settlement
strategies and distribution patterns of coral-reef fishes. J Exp Mar
Biol Ecol 225:219-238

Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely RA,
Gnanadesikan A, Gruber N, Ishida A, Joos F, Key RM, Lindsay
K, Maier-Reimer E, Matear RJ, Monfray P, Mouchet A, Najjar
RG, Plattner G-K, Rodgers KB, Sabine CL, Sarmiento JL,

@ Springer

Schlitzer R, Slater RD, Totterdell 1J, Weirig M-F, Yamanaka Y,
Yool A (2005) Anthropogenic ocean acidification over the
twenty-first century and its impact on calcifying organisms.
Nature 437:681-686

Radford CA, Stanley JA, Simpson SD, Jeffs AG (2011) Juvenile coral
reef fish use sound to locate habitats. Coral Reefs 30:295-305

Raupach MR, Marland G, Ciais P, Le Quéré C, Canadell JG, Klepper
G, Field CB (2007) Global and regional drivers of accelerating
CO, emissions. Proc Natl Acad Sci USA 104:10288-10293

Robertson DR, Green DG, Victor BC (1988) Temporal coupling of
production and recruitment of larvae of a Caribbean reef fish.
Ecology 69:370-381

Sale PF (1977) Maintenance of high diversity in coral reef fish
communities. Am Nat 111:337-359

Simpson SD, Meekan MG, McCauley RD, Jeffs A (2004) Attraction
of settlement-stage coral reef fishes to reef noise. Mar Ecol Prog
Ser 276:263-268

Simpson SD, Meekan M, Montgomery J, McCauley R, Jeffs A (2005)
Homeward sound. Science 308:221

Simpson SD, Munday PL, Wittenrich ML, Manassa R, Dixson DL,
Gagliano M, Yan HY (2011) Ocean acidification erodes crucial
auditory behaviour in a marine fish. Biol Lett. doi:
10.1098/rsbl.2011.0293

Stobutzki IC, Bellwood DR (1997) Sustained swimming abilities of
the late pelagic stages of coral reef fishes. Mar Ecol Prog Ser
149:35-41

Sweatman HPA (1988) Field evidence that settling coral reef fish
larvae detect resident fishes using dissolved chemical cues. J Exp
Mar Biol Ecol 124:163-174

Syms C, Jones GP (2001) Soft corals exert no direct effects on coral
reef fish assemblages. Oecologia 127:560-571

Trillmich F, Mohren W (1981) Effects of the lunar cycle on the
Galapagos fur seal, Arctocephalus galapagoensis. Oecologia
48:85-92

Victor BC (1986) Larval settlement and juvenile mortality in a
recruitment-limited coral reef fish population. Ecol Monogr
56:145-160

Victor BC (1991) Settlement strategies and biogeography of reef
fishes. In: Sale PF (ed) The ecology of fishes on coral reefs.
Academic Press, San Diego, pp 231-260

Wellington GM (1992) Habitat selection and juvenile persistence
control the distribution of two closely related Caribbean
damselfishes. Oecologia 90:500-508

Williams DMB, Sale PF (1981) Spatial and temporal patterns of
recruitment of juvenile coral reef fishes to coral habitats within
“One Tree Lagoon”, Great Barrier Reef. Mar Biol 65:245-253

Wright KJ, Higgs DM, Belanger AJ, Leis JM (2005) Auditory and
olfactory ability of pre-settlement larvae and post-settlement
juveniles of a coral-reef damselfish (Pisces: Pomacentridae). Mar
Biol 147:1425-1434


http://dx.doi.org/10.1093/icb/icr004
http://dx.doi.org/10.1093/icb/icr004
http://dx.doi.org/10.1098/rsbl.2011.0293

	Rising CO2 concentrations affect settlement behaviour of larval damselfishes
	Abstract
	Introduction
	Materials and methods
	Study species and location
	Seawater manipulation
	Olfactory trials
	Habitat choice experiment
	Lunar settlement experiment

	Results
	Olfactory preferences
	Habitat choices at settlement
	Lunar settlement patterns

	Discussion
	Acknowledgments
	References


